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Spectral Development of Picosecond Pulses of 
Mode-Locked Nd-Glass Lasers 
ALFONS PENZKOFER A N D NORBERT WEINHARDT 
Abstract-The spectra of single picosecond pulses of mode-locked 
Nd-glass lasers are investigated along the pulse train. In addition to 
self-phase modulation, the spectra are modified due to spectral hole 
burning in the inhomogeneous gain profile of the active medium. 
I. I N T R O D U C T I O N 
MODE-locked Nd-glass lasers generate bandwidth limited picosecond light pulses only in the early part of the pulse 
train [ l ] - [ 8 ] . Towards the maximum of the pulse train, the 
spectra broaden and irregular spectra are observed beyond it 
[1 ] - [11 ] . Only in a few reports was small spectral broadening 
over the whole pulse train in Nd-phosphate glass lasers reported 
[12], [13]. Self-phase modulation is thought to cause the 
spectral broadening and structuring [1]-[13]. Enhancement 
of self-phase modulation and corresponding spectral broadening 
by self-focusing is discussed in [3], [14]. The influence of 
nonlinear dispersion, which modulates the temporal pulse shape 
and subsequently increases the self-phase modulation, is ana-
lyzed in [15]. 
In this paper, we present experimental data which indicate 
that in addition to self-phase modulation, the spectra are struc-
tured and the frequency is shifted by spectral hole burning in 
the inhomogeneous gain profile of the active medium in the 
saturation region [16]. We studied the spectral development 
of picosecond light pulses along the pulse train for passively 
mode-locked Nd-phosphate, Nd-fluorophosphate, and Nd-
silicate glass lasers. Bandwidth-limited pulses are only obtained 
in the early part of the pulse train. Towards the maximum of 
the pulse train, the spectra broaden and begin to be modulated 
due to self-phase modulation. Beyond the pulse train maxi-
mum, the peak emission at the central frequency reduces or 
.diminishes and new, spectrally small peaks build up on the 
high-frequency side and towards the end of the pulse train at 
the low-frequency side of the central frequency. 
The spectral shape in the trailing part of the pulse trains is 
thought to be a result of gain depletion at the center frequency 
while high gain is acting in the spectral wings during the open-
ing time of the mode-locking dye. 
The occurrence of remarkable self-focusing is hindered by 
two-photon absorption in the Nd-glass rod [17], which limits 
the peak pulse intensity in the oscillator [18]. 
II. E X P E R I M E N T A L 
The experimental system is depicted in Fig. 1. The mode-
locked laser oscillator consists of a hemiconfocal resonator 
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Fig . 1. Experimental setup. M1-M6-mirrors; SA -mode- locking dye 
cel l ; A -aperture; AMI and ^ A / 2 - a c t i v e media; PI, P2-polarizers; 
KC-KQII c e l l ; ^ - s p e c t r o g r a p h ; OSA1 and O S A 2 - o p t i c a l multichan-
nel analyzers; DC-sa turable absorber cell for intensity detection;PDl 
andPZ)2-photodetectors; T P F - t w o - p h o t o n fluorescence cell for 
pulse duration measurement; CA -camera. 
with a plane 100 percent mirror Ml and an output mirror M2 
of 30 percent reflectivity and 3 m curvature. The saturable 
absorber cell SA is contacted to the front mirror Ml (cell 
thickness 0.1 mm, absorber Eastman 9860). Nd-phosphate, 
Nd-fluorophosphate, and Nd-silicate glass rods of /= 13 cm 
length and d = 9 mm diameter (Schott LG 703, L G 802, and 
L G 630, see Table I) are used as active media AMI. 
Single picosecond pulses are selected from the pulse train at 
varying positions with a spark-gap-triggered Kerr cell system 
KC [19]. In some experiments, for pulse selection towards 
the end of the pulse train, a krytron-triggered system of two 
Pockel's cells in series was used [20]. 
The peak intensity of the light pulses is determined by a 
saturable absorber technique [21] with dye cell DC and photo-
detectors PDl and PD2. The spectra of the picosecond pulses 
are measured with either a 60 cm grating spectrograph (1200 
1/mm, spatial dispersion 0.9 nm/mm) or a 25 cm spectrometer 
(1200 1/mm, dispersion 2.8 nm/mm). The spectra are detected 
with an optical spectrum analyzer OSA 1 (silicon vidicon). The 
pulse durations are determined by the two-photon fluorescence 
technique [22] (dye 2.5 X 10" 3 molar rhodamine 6G in eth-
anol). For this purpose, the pulses are increased in energy by 
double passage through a laser amplifier AM2. 
III. R E S U L T S 
A typical pulse train is shown in Fig. 2. The peak intensity 
of the laser pulses at the first pulse train maximum is /<9,max — 
(4 ± 2) X 10 9 W/cm 2 for a saturable dye transmission of T0 = 
85 percent (single pass) and an output mirror reflectivity of R = 
30 percent. This intensity value occurs inside the laser oscillator 
at the position of the active medium. The peak intensities 
Jo, max a r e approximately the same for all three investigated 
Nd-glass types. They are limited by two-photon absorption 
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640 1.1xlo" 2 0 1.4x10"13 
F i g . 2. Typical oscilloscope trace of a mode-locked pulse train. Laser 
glass-Schott L G 703 (phosphate); small signal dye transmission T0 = 
0.85 (single pass). 
FREQUENCY v - vQ [ cm" 1 ] 
Fig . 3. Spectra of single picosecond laser pulses of mode-locked N d -
phosphate glass laser (Schott L G 703). (a) Switching pos i t ion-7 
pulses before first train maximum (/ = - 7 ) ; height h = 0.26 of height 
at maximum; duration-bandwidth product A ^ A f - l ( F W H M ) . (b) 
/ = - 3 , Ä = 0.7, AvAt-\. ( c ) / = 6 , / i ^ 0 . 6 5 ; AvAt-l.S. (d) / = 
31 (second train maximum), h — 0.55, AvAt — 2. 
in the active medium [17]-[18]. The durations of the light 
signals are found to be in the range of At = 6 ± 3 ps (FWHM) 
for all investigated laser glasses. They are approximately con-
stant along the pulse train. 
Spectra of single picosecond pulses selected at different posi-
tions along the pulse train are depicted in Figs. 3-5 for Nd-
-40 0 4 0 - 4 0 0 40 
FREQUENCY v - vQ [cm" 1] 
Fig . 4. Picosecond pulse spectra with Nd-fluorophosphate laser rod 
(Schott L G 702). (a) Switching position ; = - 1 2 , switching height 
h = 0.15, AvAt ^1. (b) / = - 3 , h = 0.8, AvAt — 1.9. (c) / = 14, 
h = 0.5, AvAt — 2.2. (d) / = 13 (second train maximum), h = 0.8, 
AvAt - 2 . 6 . 
phosphate, Nd-fluorophosphate, and Nd-silicate glass rods, 
respectively. Figs. 3(a), 4(a), and 5(a) are obtained for pulses 
of the rising part, approximately a factor of five below the pulse 
train maximum. Figs. 3(b), 4(b), and 5(b) represent spectra 
around the first train maximum. Figs. 3(c), 4(c), and 5(c) be-
long to the trailing part behind the first train maximum. The 
spectra of Figs. 3(d) and 4(d) are taken around the second pulse 
train maximum. The spectrum of Fig. 5(d) is selected at about 
the same position as the spectrum of Fig. 5(c) to indicate the 
shot-to-shot variation in the case of Nd-silicate glass. 
The single picosecond pulse spectra show the following be-
havior along the pulse train. 1) in the early part of the train 
where the pulse heights are less than 0.15, the maximum height 
the signals are nearly bandwidth limited [Figs. 3(a), 4(a), and 
5(a)]. 2) Up to the first pulse train maximum, the halfwidth 
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Fig. 5. Pulse spectra of mode-locked Nd-silicate glass laser (Schott 
L G 630). (a) Switching position / = - 1 7 , switching height h = 0.17, 
AvAt — 0.6. (b) / = - 1 , Ä = 0.95, AvAt-4.3. (c) / = 8, h = 0.8, 
AvAt — 5. (d)/ = 9, Ä = 0.4, AvAt — 8.8. 
the spectral distribution becomes modulated [Fig. 3(b), 4(b), 
and 5(b)]. The spectra are asymmetric; they extend more 
strongly to the low-frequency side, while the spectral peak posi-
tion slightly shifts to the high-frequency side. This behavior is 
expected by self-phase modulation of temporal asymmetric 
pulses with steeper rising than decaying parts [23]-[25], as 
is the case for our pulses [26], [27]. 3) In the trailing part 
behind the first train maximum, the spectral emission at the 
central frequency is reduced and a new small component 
(A?—10 cm" 1 ) builds up at the high-frequency side [Figs. 
3(c) and 4(c)]. Its distance from the central frequency is 
d v Ä 25 ± 5 cm" 1 . 4) Around the second pulse train maxi-
mum, the spectrum frequently has a peak at the low-frequency 
side [Figs. 3(d) and 4(d)]. 
The buildup of intense spectral components at the wings is 
less pronounced in the Nd-silicate laser. This glass type has 
the highest nonlinear refractive index. The self-phase modula-
tion broadens the spectra already early in the pulse trains, and 
acts against spectral hole burning. 
The effects of self-phase modulation on the spectral develop-
ment are investigated with CS 2 samples in the laser oscillator. 
The nonlinear refractivity of CS 2 is about a factor of 100 greater 
than that of laser glass (n 2 (CS 2 ) = 1.1 X 10" 1 1 ESU = 1.22 X 
10" 2 0 m 2 / V 2 [28], for response times of contributions to n 2 
of C S 2 , see [29], [30], [44]). The effects of self-phase modu-
lation are strongly enhanced by the huge nonlinear refractivity 
of C S 2 . In Figs. 6(a)-(d), spectra at the pulse train maximum 
are shown for CS 2 samples in the resonator with lengths of 
0.5, 1, 2, and 5 cm, respectively. The Nd-phosphate laser rod 
L G 703 is used as the active medium. The spectral structuring 
increases with CS 2 cell length from Fig. 6(a) (0.5 cm CS 2 ) to 
Fig. 6(d) (5 cm C S 2 ) . Spectra obtained with 2 and 5 cm CS 2 
samples were similar, i.e., the spectral shapes shown in Fig. 6(c) 
(2 cm CS 2 ) are also found for 5 cm CS 2 samples, and vice versa. 
The spectral shapes are determined by self-phase modulation. 
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Fig. 6. Pulse spectra of mode-locked Nd-phosphate laser with C S 2 
samples in resonator, (a) Cell length / = 0.5 cm, switching position / = 
- 3 , switching height h = 0.6, AvAt —4. (b)/ = 1 cm,/ = -lyh = 0.9, 
A i > A f ^ 6 . (c) / = 2 c m , / = 0 , Ä = 1, AvAt ^2.1. (d) / = 5 cm,/= 
- l , Ä = 0 . 9 , A i ; A f ^ 0 . 5 . 
Contributions to the spectra from spectral hole burning are 
not observable. Towards the end of the pulse train, broad 
modulated side peaks (height ^ 0.4 height of central peak) 
are sometimes observed. Second pulse train maxima rarely 
occur. 
IV. D I S C U S S I O N 
The spectral development along the pulse train may be ex-
plained by taking into account the spectral hole burning in 
the inhomogeneously broadened active medium [31]-[39] 
in addition to self-phase modulation. 
The inhomogeneous width of the neodymium laser transition 
is about Avinh ^ 200 cm" 1 (FWHM, Table I), while the homo-
geneous width is approximately 20 cm" 1 [32], [34], [35], 
[37], [39]. A refilling of the hole within the duration of the 
pulse train does not take place since the cross-relaxation time 
T3 is in the 10" 5 -10" 4 s region. Values of T3 = (70 ± 20) Ms 
for phosphate glass and T3 = (200 ± 50) ßs for silicate glass are 
reported in [40]. Similar data were found in [35]. Our mea-
surements with the free-running Nd-glass laser (without satur-
able absorber) indicated a cross-relaxation time T3> 5 /zs. At 
the laser threshold, a single spike was emitted with spectral 
width ~ 4 cm" 1 . Operating the laser with a pump energy of a 
factor of five above threshold, an irregular train of spikes was 
emitted with a distance between successive spikes of about 5 
JUS. In this case, the spectral emission broadened considerably 
and built up large wings. 
The picosecond pulse evolution in the passive mode-locking 
process may be divided into 1) a prelaser region (end at first laser 
threshold), 2) a linear region (end at second laser threshold), 3) 
a nonlinear phase without gain saturation, and 4) a nonlinear 
phase coinciding with saturation phenomena (for reviews see 
[8] ,[41]). 
1) and 2): In the prelaser and linear regions, the spectrum is 
narrowed by natural mode selection. Light amplification occurs 
only in a narrow spectral range at the maximum of the gain 
profile since the laser is operated only slightly above threshold, 
the statistical spontaneous emission is amplified in the linear 
phase. 
3) : The nonlinear phase begins when the strongest fluctua-
tion spike is intense enough to reduce the absorption of the 
saturable dye. This spike is preferably amplified, due to its re-
duced losses. During the opening time of the absorber, the 
laser loss is reduced for all frequency components of the emis-
sion (ground state of absorber is depopulated) and strong am-
plification takes place over a wide frequency range. As long as 
saturation effects do not occur, the spectral half-width remains 
small, since amplification is largest at the center of the gain 
profile. 
4) : Towards the first pulse train maximum, the central fre-
quency components of the generated emission deplete the in-
version of the inhomogeneously broadened laser medium and 
a hole is burned in the center of the gain profile (hole formation 
in the inversion already begins when pulse heights are a factor 
of 50 below pulse height at train maximum [42]). Beyond 
the pulse train maximum, the effective amplification factor at 
the center frequency drops below one, and the height of the 
central peak reduces while the wings are strongly amplified 
during the opening period of the absorber. The emission maxi-
mum appears at the high-frequency side (shift bv — Ai^c-mX 
where the temporal trailing part of the self-phase modulated 
pulse occurs. At this high-frequency side, the spectral exten-
sion by self-phase modulation is small and the inversion out-
side the central homogeneous width is not reduced by self-
phase modulation up to the first pulse train maximum [see 
Figs. 3(b) and 4(b)]. At the low-frequency side, which corre-
sponds to the temporal rising part of the self-phase modulated 
pulse, the spectral wings already extend beyond the central 
homogeneous line width around the first train maximum. The 
inversion in the low-frequency wing is reduced by the self-
phase modulation. This is thought to be responsible for the 
asymmetric appearance of a spectral peak at the high-frequency 
side. Around the frequently occurring second pulse train maxi-
mum, a spectral peak is often observed at the low-frequency 
side [see Figs. 3(d) and 4(d)]. 
The spectral peaks at the high- and low-frequency sides are 
formed by amplification of statistically emitted fluorescence 
light during the opening time of the absorber in the nonlinear 
phase. This spectral fluorescence component can build up at 
the decaying part of the bleaching pulse, where the saturable 
absorber is transparent and the two-photon absorption is weak 
(small pulse intensity). 
The two-photon absorption of laser light in the Nd-glass rod 
limits the maximum pulse intensity since it introduces an addi-
tional loss. An estimate of the two-photon absorption coeffi-
cient is obtained by equating the two-photon absorption loss 
and the dye bleaching gain, i.e., 
r " A = 1 + j 2 ) / o / =T0 (1) 
where T0 is the small signal dye transmission (single pass), 
T T P A is t n e two-photon transmission, / is the length of the 
glass rod, I0 is the laser peak intensity, and is the two-
photon absorption coefficient. A value of aS2^ ^ 3 X 10~ 1 2 
cm/W is obtained for our experimental parameters (I0 = 4 X 
10 9 W/cm 2 , / = 13 cm, T0 = 0.85). 
The effect of the nonlinear refractive index n2 of the active 
media on self-focusing is estimated for our experimental con-
ditions (Nd-phosphate glass). An expression for the whole 
beam self-focusing length is [45], [46] 
kw2)p y 1 ' 2 
where k = 2nlX is the wave number of laser light; w = w 0 
(1 + 4z2/b2yt2 is the spot size of the laser beam at the active 
medium; P = I0w2/4 is the laser power andP c = \2c/(32n2n2) 
is the critical power. w0 = (X6/2TT) 1 / 2 is the minimum spot size 
in the laser resonator, b is the curvature of the output mirror 
(front mirror is plane in our case), z is the distance from the 
plane front mirror. For our laser data of X = 1.055 jtxm, z = 90 
cm, b = 3 m , / i 2 = 1.08 X 10~ 1 3 ESU, mdIOL = 4 X 10 9 W/ 
c m 2 , we find Zf = 83 cm. The length of the active medium of 
/= 13 cm is considerably shorter than the self-focusing length. 
The nonlinear refractive index n2 of the active medium slightly 
changes the wavefront curvature in the resonator and the laser 
oscillator may be described by a resonator with slightly changed 
curvature of the mirrors. 
The spectral development of picosecond pulses along the pulse 
train of a mode-locked Nd-glass laser was simulated by com-
puter calculations. A complete description of this theoretical 
analysis will be given elsewhere [42]. Some preliminary re-
sults are presented in Figs. 7 and 8 which confirm the model 
of spectral pulse development described above. 
In Fig. 7, the spectral development of a picosecond pulse train 
is depicted in the case of absence of self-phase modulation. 
Curve 1 shows the spectral distribution of spontaneous emission. 
Curve 2 shows a spectral shape at the end of the prelaser region, 
while curve 3 shows the spectrum at the end of the linear phase 
(natural mode selection). The spectrum at the first pulse train 
maximum is shown in curve 4. Curve 5 shows the spectral distri-
bution 40 pulses after the pulse train maximum. The spectral 
shape at the second pulse train maximum (70 pulses after the 
first train maximum) is depicted by curve 6. The buildup of 
the spectral wings due to spectral hole formation in the gain 
profile and light amplification within the opening time of the 
absorber is clearly seen in curves 4-6. Parameters used in the 
calculations are listed in the figure captions. The inclusion of 
two-photon absorption reduces the absolute height of spectral 
curves 4-6, but has no influence on the gross spectral develop-
ment of the pulse train. 
The spectral development of a pulse train due to self-phase 
modulation is depicted in Fig. 8. In these calculations, it is 
assumed that no spectral hole burning in the gain profile occurs. 
A Gaussian gain profile corresponding to the spontaneous fluo-
rescence emission is used in the calculations. The pulse param-
eters are adjusted to experimental pulse train data of Fig. 2. In 
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F i g . 7. Calculated spectral development of a picosecond pulse train. 
Effects of self-phase modulation are not included ( « 2 = 0). Curve 1 — 
spontaneous emission; curve 2 - e n d of prelaser region; curve 3 - end 
of linear region; curve 4- f i r s t pulse train max imum; curve 5 - 4 0 pulses 
after first maximum; curve 6 -a t second pulse train maximum (70 
pulses after first maximum). Data used in the calculation-amplifica-
tion per roundtrip in linear phase is 1.05; small signal absorber trans-
mission T0 = 0.85 (single pass); output mirror reflectivity is 0.3; addi-
tional losses in resonator per roundtrip are 0.1; active medium is N d -
phosphate glass wi th data of Table I; two-photon absorption cross 
section = 1.5 X 1 0 " 1 2 cm/W (does not influence gross features of 
the picture). Pulse duration At = 4 ps. Obtained peak pulse intensity 






Fig . 8. Calculated spectral shape of picosecond pulses along pulse train. 
Effects of spectral hole burning are not included. Fo r the shape of 
the pulse train, see F ig . 2. Peak intensity at train maximum / o > m a x = 
7 X 1 0 9 W / c m 2 . Shape of first pulse of train s(r, t) = exp [ - ( r / r 0 ) 2 ] 
{exp [ - (t/t 0 ) 2 ] [ l -d (t)] + cosh" 2 (Ktlt0) d(t)}. t0 = At 2 " 1 (In 
2 ) " 1 / 2 = 3 ps, K = 1.6. Spectral gain profile g(v - v0) - exp [-(v -
v0)2lv^nh]; vinh = Avinh 2 ' 1 (In 2 ) " 1 / 2 = 113 c m " 1 . Spectra are in-
tegrated over spatial cross section, (a) Pulse at posi t ion/ = - 4 (4 pulses 
before maximum), (b) Pulse at train maximum / = 0. (c) Pulse at 
at position / = 10 (trailing part of train). 
particular, the experimentally observed asymmetric temporal 
pulse shape [26], [27], which leads to asymmetric spectra, is 
included in the calculations. Fig. 8(a) shows the spectrum of 
the fourth pulse of Fig. 2. The spectrum is nearly bandwidth 
limited. Fig. 8(b) presents a spectrum at the pulse train maxi-
mum. It is broadened, modulated, and asymmetric. The spec-
trum of Fig. 8(c) is taken from a pulse in the trailing part of the 
pulse train (10 pulses behind first train maximum of Fig. 2). 
The spectrum is further broadened and modulated, and the 
asymmetric shape remains. 
The spectra of Fig. 8 are not able to explain the experimental 
findings in Figs. 3(c), 3(d), 4(c), and 4(d). These spectra may 
be understood by combined effects of self-phase modulation 
and spectral hole burning. 
V . C O N C L U S I O N S 
The spectral development of picosecond light pulses along the 
pulse train of a mode-locked Nd-glass laser was studied. The 
spectral behavior beyond the pulse train maximum is explained 
by simultaneous action of self-phase modulation and spectral 
hole burning in the gain profile of the active medium. The posi-
tion of spectral peaks at frequencies shifted from the central 
frequency gives an estimate of the homogeneous linewidths of 
the active media. The two-photon absorption in the Nd-glass 
rods limits the peak pulse intensity in the train maxima. The 
two-photon absorption cross sections may be estimated from 
the measured peak intensities. 
The interpretation of the spectral development of picosecond 
pulses along the pulse train of a mode-locked Nd-glass laser is 
in agreement with computer simulations [42]. 
The development of Nd-glass rods with enlarged homoge-
neous linewidths [34], [43] allows the energy extraction of 
inversion over a wider frequency range and hinders the spectrally 
selective gain depletion. 
Insertion of a spectral narrowing solid etalon into the reso-
nator hinders the buildup of spectral side peaks and the forma-
tion of second pulse train maxima [47], [48]. The effects of 
spectral hole burning on the spectral pulse shapes are suppressed 
by the spectral transmission profile of the etalons. 
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